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Objectives . This study was designed to
compare three-
dh aasioaald vac rd ogrnphy, tw latteaaslonai
ech c rdiogra-
y .aald ciaxvimtricul raphy for the pure of measuring left
veha(a`fethiur volume In vitro.
R kgbrou . Th Intensional echocardiagraphic systems
have bv4n shown to highly accurate in measuring the volumes
of balloon g51 •a ~ltone .w® However, 16t -dimenslonu® techniques
have hot been cotatprirod with stumuLwal two-dimensional ech
r-
dlography in vitro or with cincventriuiography, the clinical
staandurd for lath ventricular volume measurement .
Methods. Ex porcine were prepared with inter-
nal latex sheath that could be filled and main with a known
('true") volume of liquid. Each heart was then imaged by
clneven l phy, stun , t` itue . ech and a-
phy and three echocardiography . Left ventricular
vs were calculated from 15 h at 25 volutn lag
50 to 20 ml by the following, meth . : 1) biplane ci v
y sig the n-l4ngth knethod- 2) two-dimensional
cc by by the apical biplane me using a summa-
don of discs lthm in 15 cases and the single phme, fnaur-
ber method using a summation of discs algorithm in 10
ci~4aN
;
3) t -dianacaaeia~at al ec rrdlogz phy u: ing a polyhedral
surAo ecaastroetioa volume putathm algorithm
tutdtipla nacaapwaiirl, nomvenly spaced short-axis cross sections .
The measurement and serial follow-up of left ventricular
volume provides important prognostic information in pa-
tients with variety of cardiac disorders . Although cineven-
tricul by is considered the clinical standard for left
ventricular volume determination, the invasive nature of the
study limits its application in many situations, including
routine or serial measurements . Furthermore, cineventricu-
lo y relies on assumptions concerning the geometry of
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Results . Results were compared with true volume, and a
nonparametric analysis of variance was performed . Both mea-
surement bias (systematic error) and imprecision (random error)
were assessed . All methods tended to underestimate the true
volume (two-dimensional echocardiography --6.1 * 17.6%
three-dimensional echocardiography -4.7 5.0% and biplane
chseventrlculography -3.9
+
8.2% although differences." were
not significant. Although there was a significant correlation be-
tween the magnitude of measurement bias and the size of the
volume being measured for two-dimensional echocardiography
and cineven ' ul raphy, the bias of
three-dimensional echocar-
diography was fairly constant over the range of volumes . When
bias was accounted for, two-dimensional echocardiography was
significantly less precise than cinevcntriculography and three-
dimensional echocardiography in terms of percent error (15 .3 ±
11.9 , 5.6 ± 5.7% and 3 .9 ± 3.4%, respectively) .
Conclusions . Three-dimensional echocardiography using a
polyhedral surface reconstruction algorithm for volume computa-
tion provides accuracy comparable to that of biplane cineventric-
ulography in this in vitro model . Standard two-dimensional
ec rdiographic volume computation is significantly less accu-
rate than the other two methods .
Y Am Loll C 'al 1993,22.1530-7)
the left ventricle that may not always be valid, particularly
when the shape of the ventricle is distorted by disease .
Echocardiography has the potential to overcome these lim-
itations and to allow both routine volume measurements and
serial measurements to be performed safely and inexpen-
sively. However, when compared with cineventriculogra-
phy, two-dimensional echocardiographic volume estimates
display considerable measurement error (1-5) .
Several factors contribute to this variability . First, two-
dimensional echocardiography and cineventriculography use
volume computation algorithms based on assumptions of left
ventricular geometry (6,7) . Second, two-dimensional echo-
cardiography is based on assumptions about the positioning
and relations between imaging planes that may be erroneous
(4,5,8,9) . Third, echocardiography is limited by its inability to
fully visualize all endocardial borders . These difficulties must
0735-1097193/$6 .00
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be addressed before echocardiographic techniques can become
clinically useful for left ventricular volume measurement .
A three-dimensional echocardiographic system has been
developed that addresses the problems of image plane posi-
tioning and geometric assumption inherent in two-
dimensional echocardiography (10) . The system uses an
acoustic three-dimensional spatial locater to register two-
dimensional image position in a three-dimensional spatial
coordinate system . A personal computer stores a series of
two-dimensional images and their spatial coordinates for
subsequent recall, display and three-dimensional reconstruc-
tion. A unique feature of this system is its "line of intersec-
tion" display (10) . In this display, a long-axis image is first
acquired to serve as a reference image. Subsequent short-
,axis, real-time images are obtained, and their line of inter-
section with the long-axis reference image is computed and
displayed as a white line in each image . This line of inter-
section moves with the moving real-time image and is used
as a guide, positioning the real-time image with respect to
anatomic landmarks in its otherwise nonvisualized orthogo-
nal dimension. This feature helps to eliminate image plane
positioning errors
. Our three-dimensional echocardiographic
system, unlike two-dimensional systems, uses a unique
algorithm for volume computation termed polyhedral sur-
face reconstruction (11, 12)
. From a series of short-axis cross
sections that are neither parallel nor evenly spaced nor
intersecting, total volume is computed by summing the
volume of a large number of tetrahedrons reconstructed
between image planes by the computer. This method elimi-
nates the need for geometric assumption concerning the
shape of the left ventricle and thus has a significant advan-
tage over those methods used by ciaeventriculography and
two-dimensional echocardiography .
The three-dimensional echocardiographic system and the
polyhedral surface reconstruction algorithm have peen
shown to be highly accurate in determining the volume of
balloon phantoms (13). However, studies using two-
dimensional echocardiography in vitro have also demon-
strated a high degree of accuracy for that technique (6,14), as
have earlier in vitro studies validating cineventriculography
(7,15)
. Therefore, this study was undertaken using excised
porcine hearts to compare volume estimates by three-
dimensional echocardiography, two-dimensional echocardi-
ography and cineventriculography to a known "true" vol-
ume of the left ventricle to establish their relative accuracy
under comparable conditions .
Methods
Preparation of hearts. Fifteen freshly excised porcine
hearts were prepared as shown in Figure 1 . The chordal
attachments of both mitral leaflets were severed, and their
free edges were sutured together, as were the edges of the
aortic valve leaflets . A suture passed through a stab wound
in the apex was used to draw a thin latex sheath into the left
ventricle, where it was advanced to rest against the sutured
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Figure 1 . Preparation of excised porcine hearts. The aortic and
mitral valve leaflets were sutured, and a sheath was drawn into the
ventricle from the apex . A catheter with a stopcock was used to fill
and maintain the sheath with a known volume of angiographic
contrast agent and water .
aortic valve leaflets . A small plastic catheter was also
advanced through the left ventricular apex into the sheath
and connected to a stopcock . The hearts had been obtained
from large (>100 kg) commercial animals, and in contrast to
the relatively thin-walled ventricles of laboratory animals,
these porcine hearts had thick-walled, stiff ventricles (2- to
4-cm septal thickness), with a narrow, taperir,,-, left ventric-
ular cavity indented by large papillary muscles and trabec-
ulae, giving the appearance of a heart arrested in systole . It
was not possible to obtain a range of volumes outside 50 to
90 ml by simply filling the ventricles to create a cast for
imaging . However, the sheath could be filled with liquid and,
at a sufficient pressure, would conform to the inner surface
of the left ventricle, distend it and expand against the sutured
aortic and mitral valves without leakage of liquid through the
sw!!red valve leaf-ts . With the stopcock closed, the volume
within the left ventricular cavity could be maintained with-
out change and could be varied by withdrawing or infusing
additional liquid . Instillation into the sheath of liquid plaster
of paris produced a cast demonstrating how the sheath
conformed to the inner surface features of the ventricle (Fig .
2). This was verified at the smallest volumes reported . In
three hearts, the left ventricle was incised, and approxi-
mately 12 cm2 of inferior apical myocardium was reduced to
a thickness of I to 2 cm to create the effect of an aneurysm .
Cineventriculography . The model was placed in the field
of a cardiac cineangiographic imaging system . Under fluo-
roscopic guidance, the heart was positioned so that the
appearance in the 30° right anterior oblique projection and
60' left anterior oblique projection resembled the expected
cineventricul,,,graphic appearance of the left ventricle . Care
was taken to minimize fbres .,ortcning of the' ". ventricle in
the left anterior oblique projection . The magnification factor
in each position was determined by filming a radiopaque grid
at the level of the miciventricle . Cine films of the preparation
were viewed on a projector and the outline of the left
ventricle was traced on transparent acetate overlying the
projector screen
. Because the outline of the intraventricular
inflated sheath was traced, the papillary muscles were ex-
cluded from the left ventricular cavity
. A commercially
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available digitizing pad and software were used to calculate
left ventricular volume using the biplane area-length method :
Volume ( 8/37
r)(ARA0)(ALA0)1LNllN ,
where A = area, L length, LAO = left anterior oblique,
LMIN = the smaller of the cavity lengths in the two projec-
tions, RAO = rigLt anterior oblique (15) .
Two-dimensional echocardiographic instrumentation . A
2.5-MHz ultrasound transducer and a commercial two-
dimensional scanner (model 77020AC, Hewlett-Packard
Corporation) were used. The images were recorded on '/,.-in .
(1,27 cm) VHS videotape for off-line analysis using commer-
cial software (Nova Microsonics) . Left ventricular volume
was calculated using the apical biplane method and a sum-
mation of discs algorithm with 32 discs (8) . In 10 hearts the
apical two-chamber view was not obtained or was not
suitable for analysis, and in these hearts volume was esti-
mated using the single-plane, four-chamber method and a
summation of discs algorithm with 32 discs .
Three-dimensional e6ocardlographic instrumentation .
The components, operation and major features of the three-
dimensional echocardiographic system have been reported
elsewhere (10,12) . Briefly, the three-dimensional scanner
consists of a real-time, two-dimensional scanner linked to an
acoustic three-dimensional spatial locater (model GP 8-31),
Science Accessories Corp .) that associates three-dimen-
sional spatial coordinates with each image . The real-time
images and spatial coordinates are transmitted to a personal
computer (model 325D, Dell Computer Corporation) that
controls system operation and provides a means for subse-
quent three-dimensionall analysis of acquired data . The
three-dimensional acoustic spatial locater consists of an
array of three sound emitters rigidly attached to a 2 .5-MHz
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Figure 2. Casts made by infusing approximately
150
ml of plaster of paris into the sheath through the
catheter shown in Figure 1 . The upper panels rep-
resent approximate right anterior oblique views and
the lower panels approximate left anterior oblique
views of two hearts . hi the heart on the right, some
myocardium has been resected at the apex to give
the appearance of an aneurysm .
ultrasound transducer and an array of four microphones
suspended over the examination table, as well as electronic
circuitry necessary for their operation . The sound emitters,
energized in rapid sequence, produce 60-kHz sound waves
that travel to each of the four overhead microphones . The
time taken for sound to travel from each emitter to each
microphone is measured, corrected for environmental con-
ditions and used to calculate a range between the two points .
From these ranges the X, Y and Z Cartesian coordinates of
the transducer and, subsequently, its image are computed in
a spatial coordinate system defined by the microphone array .
The accuracy of the three-dimensional acoustic spatial loca-
ter is approximately 0.1% of the distance from the sound
emitter to the microphone. The acoustic locater data are
continuously checked, and data are rejected if computed
lengths and angles formed by the three sound emitters
mounted on the transducer do not fall within specified limits
of ± I mm or ±1°. The digitized real-time images and their
spatial coordinate data are combined in the computer video
display to produce an interactive "line of intersection dis-
play" of the relative position and orientation of a reference
image and a real-time image .
Experintental procedure . A heart was distended to a known
volume with a mixture of angiographic contrast medium and
water, and the stopcock was closed to maintain this volume .
Cineventriculography was performed as described previously,
and the heart was placed in a water bath for echocardiographic
imaging, with the near portion of the epicardium at an imaging
depth of 4 cm . Cross sections representing apical four- and
two-chamber views were obtained and recorded on videotape
for subsequent off fine analysis .
Three-dimensional echocardiographic images were next
acquired using a defined protocol based on the use of the line
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Figure 3 . Line of intersection display generated by the computer
after three-dimensional reconstruction . A, The long-axis view shows
the line of intersection display identifying the location of the
short-axes used for volume computation . In using the system, the
echocardiographic monitor shows the short-axis view in real time,
and the computer monitor displays the reference long-axis view,
with the white line moving as the examiner moves the transducer .
The stack of near-horizontal lines to the right of the video image is
the "overhead" view of the orientation of each of these cross
sections (i .e ., the line of intersection of the these planes with the
plane extending out from the picture . B, The short-axis section also
shows a white line of intersection, indicating the relation of the
reference long-axis image to the short-axis section .
of intersection display . First, temporary short-axis images
were obtained at the level of the aortic valve and the tip of
the left ventricular apex . These two short-axis images were
then used to define the "reference" long-axis image of the
heart. The long-axis image was adjusted to bisect the tem-
porary short-axis images, ensuring that a true long-axis
image had been obtained . Using this reference image as a
guide, a series of six to nine nonparallel real-time short-axis
images were positioned and acquired, paying careful atten-
tion to the end-plane images and using the line of intersection
display to ensure that the image planes did not intersect
SAFIIi ET AL
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within the cavity of interest (Fig . 3). The
three-dimensional spatial coordinates of each cross section
were then retrieved, the boundaries of each cross section
e traced oft'-line, and the volume was determined by the
polyhedral surface reconstruction algorithm (see later)
. In
tracing the endocardial surface in the short-axis images, the
papillary muscles were excluded to conform with the tracing
of the cineventriculograms
. Ten hearts were imaged at two
volumes approximately 50 ml apart . Thus, measurements
were made at 25 different infused ("true") volumes ranging
from 50 to 280 ml . In one heart the polyhedral surface
reconstruction algorithm (see later) failed, probably because
two short-axis planes intersected within the region of the left
ventricular cavity .
Polyhedral surface reconstruction algorithm . The volume
of the left ventricle is reconstructed by polyhedral approxi-
mation of its surface using traced boundaries obtained from
a series of cross-sectional images (11-1 3) . The traced bound-
ary of each cross section is divided into
180 coordinate
points by interpolation. The surface between two LO, ;acent
slices is reconstructed using triangular "tiles ." Each tile is
defined between two consecutive coordinate points on the
same contour and a single point on an adjacent slice (i .e .,
each tile's boundary is defined by a single "contour ele-
ment" and by two "spans" between adjacent slices) . A
centroid of each slice is defined by the average of the
coordinates of each of the traced boundary points, and
vectors are formed connecting the centroids and the surface
triangles, forming a sector or wedge . Each wedge is then
decomposed into three tetrahedrons . Thus, the volume
between two slices is decomposed into 180 x 3 = 540
tetrahedrons. The volumes of all tetrahedrons are calculated
and summed to yield the total volume of the ventricle .
Statistical analysis. Two types of measurement inaccu-
racy were assessed: bias, or systematic error, and impreci-
sion, or random error (16,17) . In this study bias, the ten-
dency of a technique to underestimate or overestimate the
true volume was assessed by two methods . First, the differ-
ence between measured and true volume was compared with
the true volume (17) . To determine how the size of the
measurement error varied with the volume being measured,
these values were compared by linear regression analysis .
The measurement error was also expressed as a percent of
the volume being measured [Percent error = (Measured
volume - True volume)/True volume], and the mean percent
error with I SD was calculated for each method . The mean
percent error was compared by nonparametric analysis of
variance (Friedman statistic) .
To assess the imprecision of each method, measurements
were adjusted for bias by applying the equation resulting
from the linear regression of the measured volume and the
true volume . Each measured volume was substituted in the
empirically derived regression equation to derive a new
value for "predicted true volume." After this adjustment,
the difference between the "predicted true volume" and the
true volume was calculated, and the percent error was
a e
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expressed as an absolute value . The mean values for percent
error (imprecision) by each method were also compared
using the Friedman statistic. The Wilcoxon sign rank test
with the Bonferroni adjustment for multiple comparisons
was used for pairwise comparison of methods . In addition,
measured volume by each method and the true volume were
compared by linear regression, with the standard error of the
estimate (SEE) indicating the magnitude of imprecision .
Regression coefficients were compared by the Z test . A
p value < 0 .05 was considered statistically significant, with
p < 0.01 required in the case of multiple comparisons .
Observer variability for volume computation was assessed
for each method in 10 hearts . Interobserver variability was
defined as the difference between two observers' measure-
ments, expressed as a percent of the first observer's values .
Intraubserver variability was defined as the difference between
one observer's measurements taken I month apart, expressed
as a percent of the first values . The mean interobserver
variabilities for cineventriculography, three-dimensional echo-
c i phy and two-dimensional echocardiography were 3 .1
°± 1 .4%, 4.8 ± 1 .4%, and 6.4 ± 3 .1%, respectively. The mean
intraobserver variabilities for the three methods were 3 .4
1 . 7%, 3.0 ± 1 .1 0 and 5.2 ± 2.5%, respectively .
Results
Measurement bias. Each method on average underesti-
mated the true volume, although the differences were not
significant by the Friedman statistic . Two-dimensional echo-
cardiography had the largest error (-6.1 ± 17 .617, o), followed
by three-dimensional echocardiography (-4 .7 ± 5.0%) and
biplane cineventriculography (-3.9 i 8.2%) .
The relation between the magnitude of bias and the
volume measured is shown in Figure 4 . The bias of three-
dimensional echocardiography remained fairly constant over
the range f volumes such that the percent error was smaller
at greater volumes, and there was no significant correlation
between bias and the true volume . Both cineventriculogra-
phy and two-dimensional echocardiography underestimated
I volumes more than small volumes (where some vol-
umes were overestimated), and this relation between direc-
tion and
magnitude of bias and true volume was significant
for both methods . In addition, there was a relation be-
tween the bias of three-dimensional echocardiography
and the bias of two-dimensional echocardiography in indi-
vidual beans such that a larger overestimation or underesti-
mation by two-dimensional echocardiography was accompa-
nied by a larger overestimation or underestimation by
three-dimensional echocardiography (r = 0.61, p = 0.001) .
et . The magnitude of impreci-
sion, which we defined as the absolute percent error after
correcting for bias, was greatest for two-dimensional echo-
cardiography (single plane 15.3 ± 12.0%, biplane 15 .4 ±
12.3%, combined 15.3 ± 11
.9%), less for cineventriculogra-
phy (5.6 ± 5
.7%) and least for three-dimensional echocardi-
y (3.9 ± 3.4%)
. These values were significantly dif-
w
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300
Rpre 4. Scatterplots illustrating the relation between the magni-
tude and direction of bias and the size of the volume being
measured. The difference between estimated and true volume is
plotted against the true volume for standard two-dimensional (2D)
echocardiography (echo), three-dimensional (3D) echocardiography
using polyhedral surface reconstruction and biplane cineventricu-
lography. The bias for three-dimensional echocardiography remains
relatively constant over the range of volumes measured, whereas
the bias for two-dimensional echocardiography and cineveniriculog-
aaphy is greater at larger volumes . The results of linear regression
fag each relation are also shown . Open symbols represent the three
hearts in which apical aneurysms were created .
• -20
•
-60
•
-70
ferent by the Friedman statistic (p < 0.01). Individual
comparisons, using the Bonferroni adjustment, showed that
imprecision of two-dimensional echocardiography was sig-
nificantly greater than that of three-dimensional echocardi-
ography (p = 0.001) and cineventriculography (p = 0 .002) .
The bias and imprecision data can be summarized in the
form of a box plot (Fig. 5) . The position of the box in relation
to the zero line is an indicator of bias . The vertical height of
the box is as indicator of imprecision .
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Figure S . Summary results in the form of a box plot. The top and
bottom
of the box depict the 25th und 75th percentles of the data,
with the line within the box the median (50th percentile.) . The error
has add the 10th and 90th percentiles, and the individual data points
are ol,nken . The position of the box in relation to the 7em line
represents the bias for each method . Each method`s imprecision is
reflected by the dimensions of the box and its error bars .
Linear regression . Figure 6 shows the results of linear
regression between true volume and the volume estimates by
each method . The r values and SEEs were compared using
the Z test . Both three-dimensional echocardiography and
cineventriculography had r values and SEEs that were
significantly better than those for two-dimensional echocar-
diography (three-dimensional echocardiography, r = 0 .995,
SEE = 7.! ml; cineventriculography, r = 0,988, SEE = 10 .7
ml ; both p < 0 .001 vs . two-dimensional echocardiography,
r = 0.941, SEE = 23 .7 ml). When adjusted for multiple
comparisons, the p value for the comparison of three-
dimensional echocardiography and cineventriculography
was not significant (unadjusted, p = 0 .04). In addition, the
regression between each of the two-dimensional echocardio-
graphic methods (biplane and single plane) and true volume
was assessed . These results were not significantly different
(apical biplane, r = 0 .92, SEE = 27 ml ; apical single plane,
r = 0.95, SEE = 20 ml, Z test, p = 0 .42) .
Discussion
An important reason for the development of three-
dimensional echocardiographic systems has been to over-
come the limitations of standard two-dimensional echocar-
diography in
the estimation of left ventricular volume (18) .
However, few data exist comparing the two methods . Using
balloon phantoms, our three-dimensional echocardiographic
system has been shown to give more accurate volume
measurements compared with standard two-Cirnensional
echocardiography (19) . However, that model has the limita-
tions of 1) regular geometry, 2) minimal attenuation of
ultrasound by the phantom itself, and 3) lack of anatomic
landmarks for applying the volume computation algorithmi .
SAPIN ET AL
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Figure 6 .
Results of linear regression of volume estimates by each
method and the true volume . Top panel,
Standard two-dimensional
echocardiography (2D echo). Middle panel, Three-dimensional
echocardiography (3D echo) using polyhedral surface reconstruc-
tion . Bottom
Biplane cineventriculography (cinc) . Open sym-
bols repres, nt the three hearts in which apical aneurysms were
created .
The present study overcomes these limitations and creates a
more realistic model by using a porcine left ventricle to
compare the two echocardiographic methods . In addition,
we compared both echocardiographic methods to cineven-
triculography by using a "true" left ventricular volume as a
standard . The bias and imprecision of each method were
assessed . We found that all three methods were bias
toward underestimation of left ventricular volume, A'so, in
contrast to three-dimensional echocardiography, the two .
dimensional echocardiographic underestimation of true vol-
ume was inconsistent and was significantly greater at larger
ventricular volumes
. When imprecision was evaluated,
three-dimensional echocardiography had the smallest error,
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although this was not significantly different from that of
biplane cineventriculography . Two-dimensional echocardi-
ography, however, was significantly less precise compared
with three-dimensional echocardiography and biplane
cineventriculography .
Limitations of two-dimensional echocardiography and clne-
ventricnl phy. There are several reasons for the dis-
crepancies between two-dimensional echocardiographic and
cineventriculographic volume measurements . First, both
cineventriculographic and two-dimensional echocardio-
phic volume computation methods require assumptions
of left ventricular geometry that may not be valid in diseased
ventricles (6,7,20) . A second problem is that of image plane
positioning, a particular difficulty in two-dimensional echo-
cardiography. Foreshortening of the left ventricle often
occurs in the apical views (5), Furthermore, echocardio-
graphic methods using multiple image planes (i.e ., apical
biplane method) assume spatial relations between image
planes that may not be obtained (9) .
Advantages of menslonal echocardl phy. There
are several three-dimensional echocardiographic systems that
acquire a series of images in multiple planes and locate each
image with XYZ coordinates using an external spatial registra-
tion system (18) . The spatial locaters used have been mechan-
ical arms or, as in this system, acoustic beaters . One advan-
tage of the system used in this study is the reduction in image
plane positioning errors . The three-dimensional echocardio-
graphic reconstruction is performed by obtaining a series of
operator-guided short-axis im es that are acquired in a known
relation using the reference long-axis image for guidance . The
reference image in turn has been previously positioned to
bisect the aortic valve and the tip of the left ventricular apex,
thus defining the full length of the ventricle . The long-axis view
is chosen for the reference im e in preference to the apical
view because short-axis views are traditionally related to the
to is view, and apical views have been shown to consis-
tently foreshorten the ventricle in humans (5) . The spatial
locating system used in this study has advant s in that it
offers unconstrained transducer movement, has no mechanical
parts and is continuously self-checking . The polyhedral surface
reconstruction volume computation algorithm offers an addi-
tional advant in .'iat it requires no assumptions to be made
concerning the shape of the left ventricle . Furthermore, be-
cause the poly surface recons ruction volume computa-
tion algorithm does not require the consecutive short-axis
images to be parallel or equidistant, they can be placed to
maximize end rdial border definition and account for
changes in the inner curvature of the ventricle. This may be
particularly useful inn ventricles with marked regional defor-
mity, in which the reference long-axis image can be used to
e more precisely the short-axis images acquired for use in
the poly surface reconstruction algorithm . The accuracy
of
the locating system and the polyhedral surface reconstruc-
tion algorithm have previously been verified (12,13)
.
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Comparison with other in vitro studies using three-
dimensional echocardiography. Other three-dimensional
echocardiv&a .ia syswrns have been applied to measure in
vitro volumes in excised hearts (21-26) . In several studies,
volume computation algorithms use an automated process to
interpolate and reconstruct the endocardial surface from the
acquired images, and from this surface calculate volume by a
summation of discs method (21-25). Another system acquires
XYZ coordinates continuously during imaging through the
ventricle, with the operator later selecting the images to be
used for volume computation (26) . Our system is different in
that the operator selects the short-axis images to be used for
polyhedral surface reconstruction during the echocardio-
graphic study, using the line of intersection display . Thr° results
from previous studies in vitro have shown correkahiuns from
r = 0.93 to r - 0. 99, with SEEN from 2 .6 to 11 .6 ml. The cur-
rent study differs from previous studies in that it directly
compares three-dimensional echocardiography with both two-
dimensional echocardiography and a nonechocardiogaaphic
technique (cineventriculography) in the same specimens .
Comparison with other in vitro studies using cineventricu-
lography and two-dimensional
echocardiography.
Previous
reports validating cineventriculography in vitro have shown
that method to generally overestimate the volume of the left
ventricle compared with the volume of left ventricular casts
measured by water displacement (7,15). In the present
study, cineventriculography underestimated left ventricular
volume . One reason may be that the cineventriculographic
silhouette in this study (the balloon in the left ventricular
cavity) excluded the papillary muscles and smaller muscle
trabeculae . It is likely that the volume underestimation
obtained from biplane projections of the left ventricular
shape reflects the failure of the prolate ellipsoid model to
account for total left ventricular volume .
Other investigators (6,14) have obtained slightly better
results for in vitro two-dimensional echocardiography than
were obtained in this study . However, their studies used
laboratory animals, which we observed to have ventricles
that were thinner walled, more compliant and tended to
assume a more spheric or ovoid shape than the ventricles of
the animals we studied . The more symmetrically shaped
ventricles of laboratory animals may yield more accurate
results when volme computation algorithms based on as-
sumptions of cavity shape and symmetry are applied .
Study limitations. The polyhedral surface reconstruction
algorithm can underestimate the true volume of the ventri-
cle. The lines connecting the points on the traced endocar-
dial border represent chords and leave a small volume
between the connecting chord and the endocardium . The
same occurs between the endocardium and the lines con-
necting adjacent short-axis slices . The border definition
problem of echocardiographic methods was not addressed in
this study and also limited our results . In the model, the
exclusion of the small myocardial trabeculations by the
fluid-filled sheath in the ventricle created an ideal model for
tracing borders from cineventriculograms . However, the
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echocardiographic images demonstrated suboptimal border
definition in regions parallel to the ultrasound beam . When
this effect was present, it influenced both the three-
dimensional and two-dimensional echocardiographic mea-
surements, as seen by the significant correlation between the
magnitudes of the error by each method (r = 0 .61). One
additional limitation was seen in some apical biplane two-
dimensional echocardiographic images . The exit of the
sheath from the left ventricular apex created in a few hearts
a shadowing artifact that affected border recognition in parts
of the ventricle, necessitating single-plane volume determi-
nations . However, analysis of the single-plane and biplane
hearts separately did not change he overall results of the
study, and therefore the two groups were combined .
Future applications . The results of three.-dimensional
echocardiography in the clinical setting may not be as good
as those reported in this in vitro study . In humans, the
available echocardiographic windows may make it, difficult
to obtain appropriate cross sections through parts of the
ventricle in some patients, thus reducing the ability of the
polyhedral surface reconstruction algorithm to accurately
represent the endocardial surface . Also, because image
quality in vivo is not as good as in vitro, boundary tracing
errors may be expected to be somewhat greater . However,
these factors also reduce the accuracy of two-dimensional
echocardiography in humans . Furthermore, translational
motion of the heart with respiration and contraction may
affect the three-dimensional spatial registration of images .
However, preliminary data suggest that three-dimensional
echocardiography may still be superior to two-dimensional
echocardiography in humans (27,28) .
Conclusions. In vitro measurements of the volume of
porcine left ventricles demonstrated that three-dimensional
echocardiography provides a new noninvasive means for
measuring left ventricular volume that is significantly more
accurate than two-dimensional echocardiography and com-
parable to cineventriculography . Thus, three-dimensional
echocardiography and polyhedral surface reconstruction
show promise as a new noninvasive method of left ventric-
ular volume determination .
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